ABSTRACT -Single photon emission tomography (SPECT) perfusion images of the brain of individuals with complete visual loss before the age of 14 were carried out and compared to those of visually normal subjects, in order to assess hypothetical differences in brain structural and metabolism between the two groups. Study group was comprised by 2 females and 3 males, aged 30 ± 10 years. Controls were composed by 6 females and 5 males aged 41.5 ± 3.8 years. All individuals were submitted to physical and neurological examinations, and to MRI and to SPECT. Blind subjects presented larger perfusion measurements bilaterally in their medial temporal lobes (p=0.030, right side; p=0.01, left side), but smaller perfusion measurements in their left frontotemporal area than controls (p=0.026). Intragroup analysis of the study group disclosed asymmetric perfusion, lesser in the left temporal and parietal areas (p=0.026 and p<0.0001, respectively) compared to the right side. In the healthy controls, reduced perfusion was also noted at the left parietal areas when compared to the right side (p=0.035). The study revealed that completely blind patients that became visually impaired before the age of 14 in spite of not having MRI detectable changes in their brain's anatomy do present increases in perfusion of their left and right medial temporal lobes, and a reduction in the perfusion of the left frontotemporal area, as compared to normal controls. While the increases in blood flow may reflect compensatory mechanisms for visual deprivation, the significance of the diminished perfusion in the left frontotemporal area remains elusive. KEY WORDS: blindness, cortical perfusion, neuroplasticity, visual deprivation, visual loss.
The outer layer of the cerebral cortex is divided into several areas specialised in detecting and processing sensory signals from the eyes and ears and from receptors for touch and nociceptors. Everyday experience illustrates that, in spite of dealing with different modalities of information, the sensorial regions of the cortex must cooperate with each other to integrate stimuli received from outside world 1 . In complete blindness, because of a lack of visual input, we have a rare opportunity of studying the effects of the lack of connection of the occipital cortex, as well as the functional behavior of the occi-pital areas facing this unnatural condition. Bearing this aspects in mind, we have planned to study the structural and function of the brain of individuals with complete visual loss before the age of 14, by using magnetic resonance imaging (MRI) and single photon emission tomography (SPECT) .
METHOD
Selection criteria consisted of: presence of Visual Deficiency Class 5 2 ; installation of the visual loss before the age of 14; a retrobulbar location of the aetiology; lack of active systemic or neurological disease; older than 18; ability for reading in Braille and completion of the informed consent.
Patients.The Study Group (BLINDS) was composed initially of seven individuals, with visual loss before the age of 14, living in the city of Curitiba, South Brazil. Patients were recruited through phone calls, and two of them refused to continue in the protocol. Of the five remaining patients, three were male, and two female. Mean age was 30 ± 10 years. Two of them were blind since birth, one became blind at the age of two, and another at the age of five. Measles caused blindness in one of the patients, glaucoma in other, cataract in a other and a retinoblastoma in another. In the fifth patient aetiology of the blindness was unknown.
Controls. For the Control Group (CONTROLS) 11 healthy volunteers were studied. Five of them were male and six female. Mean age was 41.53 ± 3.81 years.
Imaging and image processing techniques. A 1.5 Tesla Philips Gyroscan ACS -NT was used to obtain the MRI images, weighted in T1, T2 and FLAIR protocols for sagittal, coronal and axial slices. SPECT images were obtained with a Cardial-Elscint equipment, with two fixed rotating detectors in 90 o , and high spacial resolution collimators. As 740 MBq (20mCi) of etylcysteinate dimer (ECD) marked with Tecnecium-99mm were used as radiotracer. All MRI and SPECT exams were interpreted by the same professionals, respectively. SPECT images were analyzed at six levels, starting caudally towards the top of the head: Level 1: frontobasal area, pons and cerebellum; Level 2: lateral and medial temporal lobes; Level 3: six pixels in the cortical areas, from the frontal cortex to the occipital lobes, with four pixels surrounding the basal ganglia; Levels 4 to 6: cortical pixels as level 3, without subcortical pixels. Values obtained at the cerebellar placed pixels were used as reference for the analysis of subsequent findings.
Ethics. The study was approved by the Ethics Committee on Human Research of Hospital de Clínicas -UFPR. All the included individuals were asked to read and sign an informed consent before being included. A Braille written consent form was given to the blind volunteers.
Data analysis and statistics. The Student t-test was used for the analysis of the independent samples, through the "Primer of Biostatistics" software. The level of significance required was 5% (0.05).
RESULTS

Control group MRI Imaging and SPECT results. All the CONTROLS presented normal MR images of the brain and normal SPECT perfusion images of the brain.
Study group MRI imaging. None of the five individuals of the BLINDS group presented atrophy of the occipital cortex or of other regions. Brain images were normal in 4; however, in Patient 2 diffuse white matter abnormalities suggestive of microangiopathy were observed. Regarding the optical pathways, three patients lacked the eyeballs, one patient presented signal abnormalities in both eyeballs and one patient presented absence of the crystalline. Bilateral atrophy of the optic nerve was seen in one patient, and unilateral atrophy of the left optic nerve in other (Fig 1) . Controls. Significant perfusion asymmetries were observed in the brains of the CONTROLS in the Level 4, lower at the left temporal pixel (68.3±4.1 right versus 65.2±2 left, p=0.035).
SPECT comparative analysis between groups (BLINDS versus CONTROLS
DISCUSSION
The loss of visual inputs from eye disease or retrobulbar disorders results in a disconnection of the occipital cortex from external stimuli in completely blind individuals. However, previous MRI studies have failed to reveal structural developmental abnormalities in those patients such as occipital lobe atrophy [3] [4] [5] [6] [7] [8] [9] [10] . There is however, experimental evidence showing that precocious visual privation in non human primates results in microscopic changes in this area 4 .
Positron emission tomography (PET) studies, functional MRI (f-MRI) and transcranial magnetic stimulation (TMS) studies in blind individuals with early visual loss have demonstrated a recruitment of the occipital cortex for other neuronal stimuli, such as tactile and auditory 8, [11] [12] [13] . These cross-modal activation reflects cortical plasticity and depends on the frequency and time of use of the area analyzed. It has been proposed that the plasticity of the occipital
Fig 1. MRI of the patients(T2-FLAIR): Normal visual pathways (Patient 1); absence of the crystalline (Patient 2); lacked the eyeballs (Patients 3,4,and 6); signal abnormalities in both eyeballs (Patient 5).
cortex in blind individuals can be relevant for the increased abilities in tactile perception disclosed by them 9, 11, [14] [15] [16] . Studies comparing the metabolism of glucose, the consumption of oxygen, the cerebral blood flow and the electric activity of the primary visual cortex of blind subjects with that of healthy controls have failed to show significant differences 6, 7, 10 . Cohen and collaborators, by comparing subjects with congenital or early visual loss with individuals with late visual loss, have demonstrated that occipital cortex plasticity occurs only in individuals that became blind before the age of 14 5 .
Visual experience is an important factor for the early organization of the visual cortex. Cortical plasticity of the occipital cortex will be directly related to the timing of visual loss 17, 18 , being interrupted at the age of 14 5 . This upper bracket limit coincides with puberty and is associated with a reduction of supernumerary synapses inside the visual cortex 19, 20 .
Our finding of lack of anatomical differences between the BLINDS and the CONTROLS is similar to previous studies that have analyzed the structure of the cerebral cortex of visually impaired subjects [3] [4] [5] . The abnormalities found in the optic pathways in 40% of our cases echoed the findings of Breitenseher and col., that have observed hypoplasia or atrophies in the optical nerve, tract or optic radiations in 58% of their patients, without other abnormalities in another patient 3 . However, it is reasonable to assume that the abnormalities found in the optical pathways of the BLINDS were secondary to the cause of the blindness rather than being a consequence of the lack of visual stimuli.
The lack of differences in occipital cortex perfusion values between BLINDS and CONTROLS observed in our study suggested similar metabolic activity rates in the occipital cortical structures of both groups. This finding is similar to that obtained by Ishikawa and col., that compared through SPECT the perfusion of the primary visual cortex of four visually impaired subjects with that of normal controls 7 . However, in our study, differences were observed, such as an bilateral increase in the blood flow in the medial temporal voxels and a reduced perfusion in the left frontotemporal areas. If our findings are not contaminated by a beta type error, then they may reflect functional changes induced by the loss of visual input. Along the same line of though, it is reasonable to conceive that the normal blood flow found in the occipital cortex of the BLINDS reflects the effects of neuroplasticity-induced functional changes.
Neuroplasticity is a process that happens thanks to the integration of several sensorial channels, such as visual, tactile and nociceptive, processed through multimodal neurons and at cortical "cross modal" association areas 21 . Cortical plasticity does not occur only in the occipital cortex but also in other cortical areas such as motor, sensory and tactile, being dependent of the frequency and using time of the analyzed area 9, 15 . Being so, the increased blood flow in the temporal voxels of the BLINDS could perhaps reflect increase hearing awareness. Cross modal plasticity has been hypothesized to help the tactile perception abilities of visual impaired subjects 11, 16, 22 . Plasticity involves changes and an increase in the cortical representation of the analyzed area, due to an enhanced peripheral input secondary to an adaptative phenomenon of cortical representation 15, 23 . This crossmodal effect arises even when the tactile cues tasked are irrelevant and do not predict the location of the visual targets, suggesting an exogenous (stimulus driven) attentional mechanism 20 . Recent studies that analyzed the effective connectivity have suggested that tactile input to the somatosensory cortex may influence the visual cortex via back projection through association areas in the parietal lobe 24 . The existing relationships between the primary and secondary visual cortical areas and the tactile sensory cortex is explained by the bimodal neurons and by the crossmodal connections. The loss of the visual inputs to the occipital cortex also influences the trigeminal nociceptive discrimination 25 . To conclude, the visual cortex neurons are not tightly bound to visual function, but also able to process other tasks such as Braille reading, and tactile and trigeminal nociceptive discrimination 13, 25, 26 . Finally, our data has reinforced the previous findings of the lack of structural changes in the visual cortex in patients with early visual loss due to disease of the optical pathways. However, the finding of significant changes in cerebral cortical perfusion suggest the existence of active neuroplasticity mechanisms operating on the patient´s adaptation.
